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Abstract
We report a study on the interaction of two H3 systems, which are known to possess a conical intersection when
infinitely separated from each other. The topology of the crossing seam is analysed for dierent geometrical ar-
rangements of the two interacting partners. Ó 2000 Elsevier Science B.V. All rights reserved.
1. Introduction
The study of systems possessing conical inter-
sections is becoming a major issue in molecular
physics. Such an interest is mainly due to the to-
pological eects, which arise from such crossing
seams. Recently, Baer, Englman and one of the
authors [1,2] have suggested to study the interac-
tion between two conical intersections, and con-
sidered to describe each interacting partner as a
model system formed by one electron housed by a
vibrating molecule. Such an one-electron model
has previously been suggested [3] as a prototype of
a conical intersection. In spite of the great sim-
plifications introduced, it is expected that such a
model may illuminate in situations such as di-
merization reactions where each monomer is
known to have a conical intersection, e.g., the
Li3   Li3 dimer. From the studies in Ref. [1], it
was concluded that the coupling of the two inter-
acting systems removed the original degeneracy
almost entirely, although leading to other types of
degeneracies. The implications of such topological
changes on the behavior of the electronic and
nuclear wave functions have also been investigated
[1]. Clearly, the importance of such results calls for
a study on a realistic system using accurate ab
initio methods. The major aim of this work is to
report such a study by considering the H3   H3
prototype interaction. Although it is well known
that H3 is an extremely floppy van der Waals
molecule [4,5], it has obvious advantages due to
the small number of electrons involved.
The Letter is organized as follows. Section 2
describes the ab initio calculations, while the re-
sults are reported in Section 3. The final remarks
are in Section 4.
2. Ab initio calculations
All calculations have been carried out using the
MOLPRO [6] suite of programmes, and the one
electron cc-pVTZ basis set of Dunning [7]. In the
survey calculations, the lowest three roots of singlet
symmetry have been obtained at both the CAS and
MR CISD levels. They covered the geometries
shown in panels (a) to (c) of Fig. 1, which can be
characterized in terms of two parameters: r, the
H–H side of the equilateral triangle, and R, the
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distance between the centers of symmetry of the two
equilateral triangles. Note that the arrangement in
panel (a) of Fig. 1 has D3h symmetry and corre-
sponds to a value of the / angle equal to 0°; / is the
rotation angle of the right-hand-side equilateral
triangle with respect to the left-hand-side one,
which is assumed to be fixed. In turn, the staggered
arrangement in panel (b) corresponds to the angle
/  60°, and belongs to the D3d symmetry point
group. Since the character tables and irreducible
representations of the above two symmetry point
groups can be found in textbooks [8], they will not
be given here. The final arrangement considered in
this work is shown in panel (c) of Fig. 1, and has
only Cs symmetry. For all three arrangements de-
scribed above, calculations have been carried for a
series of r values over the range 0:56 r=a06 5:5 at
intervals of 0:25a0. Similarly, the R coordinate has
been covered from R  0:5a0 (R  0 in the case of
arrangement (c)) up to R  10a0.
3. Results and discussion
The ab initio results calculated in the present
work are illustrated in Figs. 2–4. Specifically, Fig. 2
shows the resulting two-dimensional r;R poten-
tial energy surfaces corresponding to the interac-
tion in panel (a) of Fig. 1. An illustrative cut along
these 2D surfaces is displayed in Fig. 3a. It cor-
responds to fix the side of the H3 equilateral tri-
angle at r  1:5a0, which is approximately the
most stable D3h geometry in the isolated hydrogen
trimer. The notable feature from this plot is the
Fig. 2. Two-dimensional r;R perspective/contour plot of the
H3   H3 interaction potential energy surface corresponding to
geometries (a) of Fig. 1.
Fig. 1. Structures considered in the ab initio calculations from the present work.
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coincidence of the curves for the two lowest states
almost over the complete range of the R coordi-
nate. This may be explained in terms of the ap-
propriate symmetry point group. In fact, the
arrangement (a) has a regular prism shape which
obeys the D3h symmetry point group, i.e., it has a
third-order rotation axis C3 (along R), three
second-order axes (which are perpendicular to the
three equivalent faces of the prism) and associated
r0v planes, and a mirror plane rh between the two
equilateral triangular H3 species. Note that each
isolated H3 system obeys the same D3h symmetry
point group. Note especially that such a symmetry
point group has an E0 and an E00 double degenerate
representations. Recall that, for the D3h point
group, the direct product of two E0 degenerate
representations gives E0 
 E0  A1  A2  E0. Sim-
ilarly, for the D3d point group, one has
Eg 
 Eg  A1g  A2g  Eg. This implies that the
two lowest singlet roots of the H3   H3 interac-
tion in arrangement (a) of Fig. 1 will correspond to
the two E0 components of such a doubly degen-
erate group. It also implies that the locus of con-
ical intersection is now a 2D symmetry preserving
manifold, since the crossing seam (which occurs
for each isolated interacting partner along the D3h
line) is maintained for each pair of values r;R.
Thus, the apparent split seen in Fig. 3b for dis-
tances about R6 1:23a0 is in fact due to the lowest
state having a dierent symmetry (A symmetry) in
this region. This can be best seen from the insert in
the plot of Fig. 3b, which shows a detailed view of
all three states over the region of intersystem co-
ordinates defined by R6 1:3a0.
Similar considerations to those invoked for ar-
rangement (a) of Fig. 1 can be applied to the
staggered arrangement in panel (b) of the same
figure. In this case, the symmetry point group is
D3d, with the appropriate doubly degenerate re-
presentation being now Eg. Not surprisingly
therefore are the results presented in Fig. 3b,
which shows that the two members of Eg repre-
sentation becomes degenerate for almost all values
of R (note that this is a symmetry preserving axis).
Note that these considerations apply for any value
Fig. 3. Panel (a) shows a cut along the 2D surface of Fig. 2a for
r  1:5a0. The main figure shows the two lowest energy states,
while the insert indicates that the lowest energy state for
R6 1:28a0 is the third lowest non-degenerate state (see the text).
Panel (b) shows a similar plot but for the staggered arrange-
ment (b) in Fig. 1 with r  1:5a0.
Fig. 4. Similar to Fig. 2 but for the arrangement (c) of Fig. 1
with r  1:5a0.
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of the rotating angle / provided that such an angle
is kept fixed for all values of R.
Regarding the arrangement in panel (c) of
Fig. 1, it is clear that it now belongs to the sym-
metry point group Cs, which has only one-dimen-
sional representations. Thus, as shown in Fig. 4,
the three lowest states become non-degenerate for
all values of the coordinate R.
Another interesting feature of the title system is
related to the fact that it may be considered a pro-
totype of two colliding triatomics yielding three
diatomics. In fact, the two reactant H32E0 systems
lead for small values of R to three interacting
diatomics. This is best seen from the 2D plot in
Fig. 2, which clearly shows this process to be a very
exothermic one at least for values of r close or larger
than the equilibrium geometry of the triatomic
re  2a0. However, the apparent minima in the
cuts of Fig. 3 are really not true minima since there
is always a vibrational normal mode that leads to
the more stable three isolated H2 molecules.
Finally, we may wish to consider the simplest
analytical form of the H6 potential energy surface
in the vicinity of the degeneracy locus. Let us de-
fine the coordinate set as
Qi1
Qi2
Qi3
0B@
1CA  1=

3
p
1=

3
p
1=

3
p
0 1=

2
p ÿ1= 2p
2=

6
p ÿ1= 6p ÿ1= 6p
264
375 Dr
i
1
Dri2
Dri3
0B@
1CA;
1
where Drij  rj ÿ r0;ij are the displacement coordi-
nates from a reference geometry r0;ij , index i labels
the interacting subsystem, index j the specific co-
ordinate in a given subsystem, and index 0 denotes
a reference geometry i  1; 2; j  1ÿ 3. By
analogy with the well-known potential matrix for
X3 systems, we then have in first-order with respect
to the displacements from the seam, the following
2 2 potential matrix:
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where DR  Rÿ R0 is the intersystem displacement
coordinate from a reference geometry R0, and ki
are parameters which may be determined from a fit
to the calculated ab initio data. No attempt will be
done here to numerically determine the parameters
in Eq. (2).
4. Final remarks
We have shown that two systems, each pos-
sessing a conical intersection when isolated, may
preserve such a topological feature when inter-
acting with each other. This is the case for the
H3   H3 system when the geometrical arrange-
ment of two interacting subsystems belongs to a
symmetry point group having a doubly degenerate
representation. In this case, the crossing seam be-
comes a 2D manifold defined by the two coordi-
nates r;R. Such a manifold has a complicated
structure showing a minimum energy for a special
geometry rm;Rm. However, for geometrical ar-
rangements whose symmetry point group pos-
sesses no such doubly degenerate representations,
the interaction between the two conical inter-
sections destroys the crossing seam in the many-
dimensional space of the H6 system. This result is
therefore in partial agreement with the conclusions
extracted from the model studies reported in
Ref. [1], where no such symmetry restrictions
could, of course, be imposed. Since H3 is known to
be a very floppy van der Waals molecule, it would
be interesting to carry out similar studies on sys-
tems with more practical interest such as dimers of
Li3 or NO2, which are known to be stable when
isolated and possess conical intersections for D3h
and C2v geometries, respectively.
Acknowledgements
This work has been supported by the Fundacß~ao
para a Cie^ncia e Tecnologia, Portugal, under
programme PRAXIS XXI.
References
[1] M. Baer, A.J.C. Varandas, R. Englman, J. Chem. Phys. 111
(1999) 9493.
288 A.J.C. Varandas et al. / Chemical Physics Letters 331 (2000) 285–289
[2] M. Baer, R. Englman, A.J.C. Varandas, Mol. Phys. 97
(1999) 1185.
[3] M. Baer, R. Englman, Mol. Phys. 75 (1992) 293.
[4] A.J.C. Varandas, J. Tennyson, Chem. Phys. Lett. 77 (1981)
151.
[5] A.J.C. Varandas, F.B. Brown, C.A. Mead, D.G. Truhlar,
N.C. Blais, J. Chem. Phys. 86 (1987) 6258.
[6] H.-J. Werner, P.J. Knowles (Eds.), MOLPRO is a package
of ab initio programs written by H.-J. Werner, P.J.
Knowles, 1998 (contributions from J. Almlof et al.).
[7] T.H. Dunning, J. Chem. Phys. 99 (1993) 9790.
[8] F.A. Cotton, Chemical Applications of Group Theory,
Wiley-Interscience, New York, 1971.
A.J.C. Varandas et al. / Chemical Physics Letters 331 (2000) 285–289 289
